Group 15 elements in zero oxidation state (P, As, Sb and Bi), also called pnictogens, are rarely used in catalysis due to the difficulties associated in preparing well-structured and stable materials. Here, we report on the synthesis of highly exfoliated, few layer 2D phosphorene and antimonene in zero oxidation state, suspended in an ionic liquid, with the native atoms ready to interact with external reagents while avoiding aerobic or aqueous decomposition pathways, and on their use as efficient catalysts for the alkylation of nucleophiles with esters. The few layer pnictogen material circumvents the extremely harsh reaction conditions associated to previous superacid-catalyzed alkylations, by enabling an alternative mechanism on surface, protected from the water and air by the ionic liquid. Thus, the C alkyl -O bond of the ester is selectively activated on the catalytic pnictogen surface with respect to the much more reactive neighboring C-C and C=O bonds, allowing the alkylation of a variety of acid-sensitive organic molecules and giving synthetic relevancy to the use of simple esters as alkylating agents.
Introduction.
Two-dimensional (2D) materials have attracted great attention in the last years due to their outstanding physical properties and their potential applications in optoelectronics, sensors, energy storage and catalysis. 1 In contrast to the most studied material graphene, the layered allotropes of group 15 elements (P, As, Sb and Bi, also called pnictogens) have been fairly less developed. 2D pnictogens exhibit a marked puckered structure [2] [3] [4] with dative electron lone pairs located on the surface atoms, which results in semiconducting character and good electronic mobility, 4, 5 and also in the ability to by the few layers underneath. FL-Sb exhibits a better performance than FL-BP, in accordance with its higher polarizability, enabling acid-sensitive aromatic derivatives to be selectively alkylated with simple esters.
Results and Discussion.
Synthesis and characterization of FL-BP and FL-Sb in 1-butyl-3-methylimidazolium tetrafluoroborate (bmim-BF 4 ).
Figures 1a and 2a show the structure of FL-BP and FL-Sb nanosheets, respectively, produced by liquid phase exfoliation (LPE). 21, 22 This technique is often carried out in amide solvents such as N-cyclohexyl-2-pyrrolidone (CHP) or N-methyl-2-pyrrolidone (NMP). Here, the ionic liquid (IL) bmim-BF 4 is used on the basis of its excellent oxidation protection behavior for FL-BP. 23 Sonication of ground BP or Sb crystals dispersed in bmim-BF 4 60 nm in lateral dimensions and ca. 1.8 nm in thickness (see Fig. S8-9 ). 24 It is worth noting the general difficulties associated to AFM measurements in the presence of ILs, due to the high viscosity, adhesion forces and formation of IL aggregates. The corresponding scanning Raman microscopy (SRM) spectra (>14000 single point spectra), with an excitation wavelength of 532 nm, unambiguously showed the characteristic modes of BP, labeled A g 1 , B 2g , and A g 2 , with no signature of oxidation attending to the A g 1 /A g 2 > 0.6 intensity ratio statistics, independent of the orientation (see Figure 1 and Figures S1-7 in Supporting Information for additional Raman and AFM characterization). 23, 25 Aberration corrected scanning transmission electron microscopy (STEM) combined with electron energy-loss spectroscopy (EELS) was used to investigate the local structure and chemistry of the flakes. An atomic-resolution high angle annular dark field (HAADF) STEM image of the FL-BP sample acquired down the [110] crystallographic direction, with the electron beam perpendicular to the platelet plane, is shown in Figure 1g (both raw and Fourier filtered data, Figure S10 displays a low magnification image of the flake). The samples exhibit a very high degree of crystallinity, showing the characteristic puckered structure over regions of hundreds of nanometers. The lattice shows high uniformity with the presence of very few defects or dislocations. Analysis by electron energy-loss spectroscopy (EELS) shows that the IL locates and nanometrically covers the edges of the 2D material, as assessed by the P L 2,3 -edges, the C K-edge, the N K-edge and the O K-edge chemical maps in Figure 1h , with onsets near 132, 284, 401 and 532 eV, respectively. 130.2 eV (region for oxidized P species is indicated), and after removal of most of the IL by heating in UHV (III); spectra are offset and re-scaled for sake of clarity.
To confirm the zero oxidation state of P and rule out partial reduction of oxidized P species in EELS by the electron beam, X-ray photoelectron spectroscopy (XPS) studies have been carried out under ultra-high vacuum (UHV) conditions on highly concentrated IL FL-BP suspensions (FL-BP sus ) coating a clean Au foil as support. The overview spectrum of FL-BP sus shows the expected IL core levels ( Figure S11 ) and, additionally, typical Si/O/C signals of trace bulk contamination after contact with glassware grease, due to surface enrichment effects as it is often the case in XP spectra for IL systems. 26 At around 130 eV binding energy, a small signal of the spin-orbit split P 2p 1/2,3/2 signal is detected that is absent for the neat IL ( Figure 1I , spectrum II). The binding energy position of the P 2p 3/2 level at 130.2 eV can be unambiguously assigned to BP in oxidation state zero and the absence of signals between 132 eV and 137 eV rules out significant oxidized P species being present. 27 By heating the FL-BP sus sample above 150 °C for 1 h in UHV, most of the IL was gone by thermal desorption (and partial decomposition), which led to an increase of the BP signal intensity as dominating remaining species by a factor around 50 ( Figure 1i , spectrum III); again, no oxidized P species could be detected. In order to check if the heated FL-BP sus sample with most of the protecting IL removed was now prone to oxidation, the sample was exposed to UHV and, then, to air under ambient conditions for about one day. XPS clearly revealed a broad oxide P component around 134 eV ( Figure S12 , spectrum IV) as has already been observed for in situ oxidation studies of BP. 27 In the case of FL-Sb, the shorter out-of-plane atom-to-atom distances, which are indicative of stronger interlayer interactions, usually hampers mechanical exfoliation.
However, the LPE approach here used was able to give median values of 310 nm in lateral dimensions and ca. 32 nm in thickness (extracted from >150 flakes), as it can be observed in Figures 2 and S13-18, with a minimum observed apparent thickness of 4 nm. 22 The SRM mappings revealed the characteristic main phonon peaks, the A and S19-20). 4, 22, 28, 29 The E g /A 1 g intensity ratio (measured using 532 nm excitation wavelength) increases from 0.37 to 0.79 with thickness decreasing from 80 nm to 10 nm ( Figure S19 ). Catalytic alkylation with esters.
-Catalyst screening.
Substitution reactions are fundamental transformations in organic chemistry that, due to their bimolecular nature and in order to be performed selectively, require the use of a catalyst able to activate the substrates orthogonally. Highly polarized Lewis bases are, in principle, suitable species to carry out a bimolecular and orthogonal catalytic activation, and FL-BP and FL-Sb may act in this way due to the intrinsic electron richness of the bulk atoms (base) combined with the expected stabilization of the in-situ generated cationic charge.
As a reaction proof, the tert-butylation of alcohols, a longstanding challenge in organic synthesis, 33 was studied. Current methodologies at laboratory 34 show any significant catalytic activity under these reaction conditions. -<1  <1  -12  Na 2 CO 3  -<1  <1  -13  Pyridine  -<1  <1  -14  Et 3 N  -<1  <1  -15  KOAc  -<1  <1  -16  KO  t Bu  -<1  <1  -17  DABCO  -<1  <1  -18  NanoMgO  -<1  <1  -19  HOAc  -<1  <1  - Isotopic experiments with 18 O-1 confirm that the oxygen atom of the alcohol stays intact in product 3, which suggests that an ester C-O alkyl cleavage (AL mechanism)
operates, as reported with superacids (H 0 <0) such as HSO 3 F-SbF 5 -SO 2 . 33 Notice that, for any weaker acid, the AL mechanism is rapidly undertook by the more common acyl cleavage (AC) mechanism, to give the trans-esterification reaction. Indeed, acetic acid (AcOH) is too weak to catalyze the reaction between 1 and 2 (entry 19), sulfuric and triflimidic acid show moderate catalytic activity and give ester 3´ as the major product yield, up to 2-gram scale, including unsaturated esters and carbonates, and that benzylic (products 4 and 10) and alkyl alcohols (products 5 and 11), thiols (products 6-7), indoles, either in the carbon (products 8a-9a) or nitrogen atom (products 8b-9b), and phenols (product 11) can be alkylated with acetates having either tert-butyl, cinnamyl, benzyl and prenyl moieties (in blue). Acid-sensitive functionalities are tolerated under the reaction conditions, such as ether, prenyl, trifluoroacetate and lactone groups (in red). The uniqueness of this synthetic approach is illustrated, for instance, for allylic benzylic alcohols, since product 10 has not been synthesized so far and none of the nine methods reported previously for the generic structure, according to a literature searching, provides a so simple, direct and efficient method as 2D-pnictogens do (Table   S1 ). atmosphere, thus prolonging catalyst lifetime. 23, 38 In order to further assess the stability of the material in operando conditions, 31 P magic angle solid nuclear magnetic resonance (MAS NMR) spectra of the FL-BP catalysts were recorded under reaction conditions, and the results ( Figure S26, top) show that the FL-BP catalyst keeps the original signal at 18 ppm during reaction, 39 without any trace of phosphoric acid (0 ppm), phosphonium compounds, or other potential oxidized and hydrolized species. The measurement was also performed in statics ( Figure S26, bottom) , and the deconvoluted spectrum fits to two components, one corresponding to P in zero oxidation state and the other corresponding to P-O, which accounts for 8% out of the total. Electrochemistry measurements ( Figure S27 ) strongly supports the absence of neat oxidation P or Sb species during reaction, 40 since no significant changes in the 2D pnictogen signals were found, and if any, they correlate with particle aggregation/fractioning processes rather than the formation of phosphonium or further oxidized P and Sb forms.
-Mechanism and comparison with the superacid reaction. Figure 4A shows the rate equation of the reaction between 1 and 2 derived from kinetic experiments ( Figure S28) Figure   S29 ), and that it is different from that with FL-BP or FL-Sb. Analysis of the reaction gas phase by gas chromatography coupled to mass spectrometry (GC-MS) shows that nearly 0.5 equivalents of 2 are transformed to isobutylene gas during the HOTfcatalyzed reaction, regardless if 1 is present or not, while only traces of isobutylene gas are detected with the FL-BP catalyst. Control experiments with isobutylene or styrene as reagents, instead of the corresponding esters, discard alkenes as alkylating agents under the present reaction conditions. Notice that isobutylene is a typical by-product of long-lived tert-butyl cations, and the preferential formation with HOTf and the different equation rates illustrate the striking differences between the FL-pnictogen and the superacid catalyst mechanisms.
To further check the formation of carbocations or not during 2D pnictogen catalysis, R-1-phenylethanol acetate 13 was used as the alkylating agent for methanol.
The results in Figure 4B show that a racemic mixture of the alkylated product 1-phenylethyl methyl ether 14a, together with isomerically pure 1-phenylethanol 14b and starting 13, were found as main products with FL-BP catalyst. This result unambiguously demonstrates that the alkyl moiety is transformed on the 2D pnictogen surface into a carbocation, at some point before transferring, since it is able to racemize prior to nucleophile addition. Of course, this also occurs with HOTf catalyst; however, the different equation rates and isobutylene yield found for the 2D pnictogen and HOTf catalysts suggest different carbocation managing during the alkylation reaction.
Released acetic acid or traces of water do not act as nucleophiles towards the carbocation in both cases. nanosheets with different thickness were prepared by different ultra-centrifugation steps, with nearly one order of magnitude accessible bulk and edge atoms (Fig. S33-S38 ), 21 and kinetic results for the alkylation of 1 with 2 showed that the TOF 0 increases for the centrifuged samples. Since unsaturated P atoms in vertexes and edges are likely oxidized under reaction conditions and do not participate during catalysis, these results indicate that the catalysis is directly related to the number of atoms on the bulk ( Figure   S39 ). 21, 44 When nitrobenzene was used as an inhibitor reagent, the alkylation rate of 1 with 2 was progressively quenched up to 20 mol% of nitrobenzene (respect to FL-BP, Figure S40 ), which indicates that the high electron-deficient aromatic ring of nitrobenzene is strongly adsorbing to the bulk atoms of the 2D material. This inhibition value fits well to the number of P atoms present on the whole bulk surface. These results point again to bulk P or Sb atoms as responsible for the catalysis.
P and Sb are very suitable atoms to stabilize carboxoniums, furthermore if the carbocation-oxonium equilibrium on surface is shifted towards the latter and assures a short living of the former. Indeed, low amounts of isobutylene were found during the alkylation reaction with FL-BP and FL-Sb, which supports a short living carbocation.
A Hammett plot with different para-substituted tert-butyl benzoate esters shows that a positive charge is formed in the ester during reaction, thus carboxoniums can be presumed as intermediates ( Figure S41 ). With all these data in hand, a very plausible mechanism for the 2D FL pnictogencatalyzed alkylation of 1 with 2 is shown in Figure 4D along the classical AL mechanism with HOTf for comparison, are shown in Figure 4D . For the 2D FL pnictogen, the electron-rich 2D surface transfers electron density to the adsorbed aromatic nucleophile, which generates a deficiency of charge in the material stabilized by the few layers underneath 6, 7 KJ·(mol·K) -1 , and the unchanged entropy is consistent with both reactants binding to bulk P atoms, to couple rapidly after carbocation formation. In clear contrast, the mechanism for the superacid HOTf shows the formation of a free carbocation in solution, then trapped by the nucleophile. The mechanisms proposed in Figure 4D satisfactorily explain the experimental differences observed for the 2D-pnictogen and
HOTf catalysts, and in particular, the equation rate, higher reactivity of EW aromatic nucleophiles and carbocation racemization without alkene formation for the 2D-pnictogen catalyst. Other potential mechanisms for the alkylation reaction such as the formation of phosphonium intermediates, or neat redox processes on the pnictogen surface fostered by their narrow homo-lumo gap, seems not to be pointed out by the experimental evidences shown above.
The particular nature of the 2D-pnictogen materials described here, embedded in water-and oxygen-protecting ionic liquids, and with a high basal area, allows organic catalysis, and not necessarily other expected applications for BP. For instance, water splitting under typical experimental conditions did not give any H 2 formation. The suitability of FL-BP and FL-Sb for organic catalysis is further supported by the preliminary positive results found for the catalytic Bailys-Hillman reaction ( Figure   S42 ), a representative carbon-carbon bond-forming reaction.
2D-pnictogens widens and complements graphene catalysis (carbocatalysis), since when graphene is doped with precisely pinpointed heteroatoms, typically nitrogen, its catalytic activity equals simple metal catalysts (Table S5) , which is not more what 2D-pnictogens make naturally here, without any additional modification. This rationale drives to think that 2D-pnictogens are potential advanced versions of doped graphene and extremely promising catalysts in organic reactions.
Conclusions.
2D nanosheets of BP and Sb, exfoliated in the ionic liquid bmim-BF 4 , catalyze the alkylation of soft nucleophiles with alkyl esters, in good yields and selectivity, particularly for aromatic substrates. The 2D few layer materials circumvent superacidmediated alkylations by enabling a surface mechanism with concomitant activation of the aromatic nucleophile and ester on surface, which allows acid-sensitive molecules to be alkylated. As far as we know, this is the first example of catalytic application of pristine FL-BP and FL-Sb in organic synthesis, beyond recent examples on photonic excitation or with supported metal nanoparticles, [45] [46] [47] [48] [49] thus expanding the list of potential applications for these promising materials.
Experimental Section.
Materials and exfoliation process: Throughout all experiments, BP and Sb with purity higher than 99.999% (Smart Elements) were used.
Afterwards, the FL-BP flakes were transferred onto Si/SiO 2 substrates (300 nm oxide layer). The exfoliation was performed in argon filled LABmasterpro sp glove box (MBraun) equipped with a gas purifier and solvent vapour removal unit (oxygen and water content lower than 0.1 ppm). Au 4f 7/2 (84.0 ± 0.1 eV) of clean gold. XPS-detection limit typically is around 1 at-% depending on relative XPS cross-sections and signal-to-background situation for the trace atom; 51 The FL-Sb and FL-BP solutions employed for our catalysis studies with an overall P-and Sb-content around 0.1 mg/mL (that is, below 0.01 at-% for P and Sb)
were thus below the XPS detection limit as has been tested: only bmim-BF 4 signals could be detected along with a Si/O/C containing trace contamination that commonly shows up in IL-XPS investigations due to surface enrichment effects, and is typically due to contact with glassware grease. 26 Hence, highly-concentrated suspensions (2D-inks) of FL-BP and FL-Sb were prepared by filtering the dispersions through a 0.2 µm reinforced cellulose membrane filter (Sartorius) in the glove box to remove most of the IL. The filtration was stopped just before the initial amount passed the filter, which allowed collecting the 2D-ink consisting of highly concentrated FL-BP/Sb material from the filter surface with a Teflon spatula. The 2D-inks were transferred to air and spread onto clean gold foils that were mounted on XPS sample holders. After exposure for several hours to air, the sample holders were introduced into the UHV system. Spectra were taken for the pristine samples and after heating in UHV in order to remove most of bmim-BF 4 by thermal evaporation (and partial decomposition as proven by XPS) to maximise P and Sb signal intensities. The heated samples were then exposed to air for about day and measured again. 
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